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The evaluation of the hadroni ontribution to the muon magneti anomaly a

is reviewed, inluding a new
estimate using preise results on the 
+

 
spetral funtion from the KLOE Collaboration. It is found that
the KLOE data onrm to some extent the previous e
+
e
 
annihilation data in this hannel, and aentuate the
disagreement with the isospin-breaking-orreted spetral funtion from 
 
! 
 

0


deays. Correting for
the empirial dierene in the mass of the harged and the neutral  loally improves, but does not resolve this
disrepany. A preliminary reevaluation (inluding the KLOE data) of the e
+
e
 
-based Standard Model predition
of a

results in a deviation of 2.7 standard deviations from the BNL measurement.
1. Introdution
Hadroni vauum polarization (HVP) in the
photon propagator plays an important role in
many preision tests of the Standard Model. This
is the ase for the muon anomalous magneti mo-
ment a

 (g

 2)=2, where the HVP omponent
is the leading ontributor to the unertainty of
the Standard Model predition. The HVP on-
tribution is omputed by means of a dispersion
relation as an integral over experimentally deter-
mined spetral funtions. It is the property of this
dispersion relation that the  spetral funtion
provides the major part of the total HVP ontri-
bution, so that the experimental eort fouses on
this hannel.
Spetral funtions are diretly obtained from
the ross setions of e
+
e
 
annihilation into
hadrons. The auray of the alulations has
therefore followed the progress in the quality of
the orresponding data[1℄. Beause the latter
were not always suitable, it was deemed nees-
sary to resort to other soures of information.
One suh possibility was the use of the vetor
spetral funtions[2℄ derived from the study of
hadroni  deays[3℄ for the energy range less
than m

' 1:8GeV=
2
. For this purpose, the
isospin rotation that leads from the harged  to
the neutral e
+
e
 
nal state has to be thoroughly
orreted for isospin-breaking eets.
Also, it was demonstrated that essentially per-
turbative QCD ould be applied to energy sales
as low as 1{2GeV[4,5℄, thus oering a way to re-
plae poor e
+
e
 
data in some energy regions by a
reliable and preise theoretial presription[6-11℄.
Detailed reanalyses inluding all available ex-
perimental data have been published in Refs.[12-
14℄ (see also the preliminary results given in
Refs.[15,16℄), taking advantage of preise re-
sults in the  hannel from the CMD-2 experi-
ment[17℄ and from the ALEPH analysis of  de-
ays[18℄, and beneting from a more omplete
treatment of isospin-breaking orretions[19,20℄.
It was found that the e
+
e
 
and the isospin-
breaking-orreted  spetral funtions do not
agree within their respetive unertainties, thus
leading to inonsistent preditions for the lowest-
order hadroni ontribution to a

. The dominant
ontribution to the disrepany stems from the
 hannel with a dierene of ( 11:9 6:4
exp

2:4
rad
 2:6
SU(2)
(7:3
total
)) 10
 10
, and a more
signiant energy-dependent deviation. When
ompared to the world average of the muon mag-
neti anomaly measurements, dominated by the
results from the BNL experiment[21℄,
a

= (11 659 208:0 5:8) 10
 10
; (1)
the respetive e
+
e
 
and  -based preditions dis-
agreed at the level of 2.5 and 1.3 standard devia-
tions, when adding experimental and theoretial
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Figure 1. The measured branhing ratios for

 
! 


 

0
ompared to the predition from
the e
+
e
 
! 
+

 
spetral funtion applying the
isospin-breaking orretion fators disussed in
Ref. [13℄. The measured branhing ratios are from
ALEPH [18℄, CLEO [22℄ and OPAL [23℄. The
L3 and OPAL results are obtained from their h
0
branhing ratio, redued by the small K
0
ontri-
bution measured by ALEPH [24℄ and CLEO [25℄.
errors in quadrature.
The problem between  and e
+
e
 
data is more
notiable when omparing the  ! 
0
 branh-
ing fration with the predition obtained from
integrating the orresponding isospin-breaking-
orreted e
+
e
 
spetral funtion. Here, the fun-
tion under the integrand is less seletive than it is
the ase for the HVP ontribution to a

, leading
to a disrepany of 2.9 standard deviations[12℄,
as shown in Fig. 1.
This summer, new data on the  spetral
funtion in the mass region between 0:60 and
0:97GeV=
2
were presented by the KLOE Collab-
oration[26℄, using the|for the purpose of prei-
sion measurements|innovative tehnique of the
radiative return[27℄. The statistial preision of
these data by far outperforms the Novosibirsk
sample, but the systemati errors are about twie
as large as those obtained by CMD-2. New data
using the same tehnique have been published by
the BABAR Collaboration[28℄ on the 
+

 

0
-
nal state. They unveil a larger ross setions and
a resonant peak at around 1:6GeV=
2
that was
missed by the previous DM2 measurement[29℄.
The BABAR data are not (yet) used in the prelim-
inary reevaluation of the lowest-order HVP on-
tribution given here. The orretion to a
had;LO

when using the BABAR data for this mode [30℄
is of the order of +1  10
 10
. Also, preliminary
BABAR results are available on the 2
+
2
 
nal
state whih are overall more preise than existing
data [30℄. They are not inluded in the present
evaluation and their eet would be to hange the
hadroni ontribution by about  1 10
 10
.
2. Muon Magneti Anomaly
It is onvenient to separate the Standard Model
(SM) predition for the anomalous magneti mo-
ment of the muon into its dierent ontributions,
a
SM

= a
QED

+ a
had

+ a
weak

; (2)
with
a
had

= a
had;LO

+ a
had;HO

+ a
had;LBL

; (3)
and where a
QED

= (11 658 472:0 0:2) 10
 10
is
the pure eletromagneti ontribution (see[31,32℄
and referenes therein), a
had;LO

is the lowest-
order HVP ontribution, a
had;HO

= ( 10:0 
0:6)  10
 10
is the orresponding higher-order
part[33,2℄, and a
weak

= (15:4  0:1  0:2) 
10
 10
, where the rst error is the hadroni un-
ertainty and the seond is due to the Higgs
mass range, aounts for orretions due to ex-
hange of the weakly interating bosons up to two
loops[34℄. For the light-by-light (LBL) sattering
part, a
had;LBL

, we use the value (12:0  3:5) 
10
 10
from the latest evaluation[35℄, slightly or-
reted for the missing ontribution from (mainly)
the pion box.
Owing to unitarity and to the analytiity of
the vauum-polarization funtion, the lowest or-
der HVP ontribution to a

an be omputed via
the dispersion integral[36℄
a
had;LO

=

2
(0)
3
2
1
Z
4m
2

ds
K(s)
s
R
(0)
(s) ; (4)
3where K(s) is a well-known QED kernel, and
R
(0)
(s) denotes the ratio of the \bare" ross
setion for e
+
e
 
annihilation into hadrons to
the pointlike muon-pair ross setion. The
bare ross setion is dened as the measured
ross setion orreted for initial-state radiation,
eletron-vertex loop ontributions and vauum-
polarization eets in the photon propagator.
However, photon radiation in the nal state is in-
luded in the bare ross setion dened here. The
reason for using the bare (i.e., lowest order) ross
setion is that a full treatment of higher orders
is anyhow needed at the level of a

, so that the
use of the \dressed" ross setion would entail the
risk of double-ounting some of the higher-order
ontributions.
The funtion K(s)  1=s in Eq. (4) gives a
strong weight to the low-energy part of the in-
tegral. About 91% of the total ontribution to
a
had;LO

is aumulated at enter-of-mass energies
p
s below 1:8GeV and 73% of a
had;LO

is overed
by the  nal state, whih is dominated by the
(770) resonane.
3. The Input Data
A detailed ompilation of all the experimental
data used in the evaluation of the dispersion inte-
gral (4) is provided in Refs.[13,12℄. Also disussed
therein is the orretive treatment of radiative ef-
fets applied to some of the measurements. The 
spetral funtion is obtained by averaging the re-
sults from ALEPH[3℄, CLEO[37℄ and OPAL[38℄,
whih exhibit satisfatory mutual agreement.
A omparison of the e
+
e
 
! 
+

 
data
and the orresponding  spetral funtion, repre-
sented as a point-by-point ratio to the  spetral
funtion is given in Fig. 2. Several observations
an be made.
 A signiant disrepany, mainly above the
 peak is found between  and the e
+
e
 
data from CMD-2 as well as older data from
OLYA.
 Overall, the KLOE data onrm the trend
exhibited by the other e
+
e
 
data.
 Some disagreement between KLOE and
CMD-2 ours on the low mass side (KLOE
data are large), on the  peak (KLOE be-
low CMD-2) as well as on the high mass
side (KLOE data are low).
At this stage, the  spetral funtion has not
been orreted for a possible 
 
  
0
mass and
width splitting[41,40℄. In ontrast to earlier ex-
perimental[3℄ and theoretial results[39℄, a om-
bined pion form fator t[40℄ to the new preise
data on e
+
e
 
and  spetral funtions leads to
m

 
  m

0
= (2:3  0:8)MeV=
2
, while no sig-
niant width splitting is observed within the t
error of 1:7MeV=
2
.
Note that if the mass dierene is to be taken
as an experimental fat, a larger width dierene
would be expeted. Using a hiral model of the 
resonane[42,19,20℄, one has
 

0
=  

 

m

0
m

 

3


0

 

3
+ 
EM
(5)
where  
EM
is the width dierene from eletro-
magneti deays. This leads to a total width dif-
ferene of (2:1  0:5)MeV=
2
that is marginally
onsistent with the observed value[40℄. is ob-
served within the t error of 1:7MeV=
2
.
Considering the mass splitting in the isospin-
breaking orretion of the  spetral funtion
tends to loally improve (though not restore) the
agreement between  and CMD-2 data, leaving
an overall normalization disrepany. Inreasing
the  

 
   

0
width splitting by +3MeV=
2
im-
proves the agreement between  and KLOE data
in the peak region, while it annot orret the dis-
repanies in the tails. Note that a orretion of
the mass splitting alone would inrease the dis-
repany between the  and e
+
e
 
-based results
for a
had;LO

.
During the previous evaluations of a
had;LO

, the
results using respetively the  and e
+
e
 
data
were quoted individually, but on the same footing
sine the e
+
e
 
-based evaluation was dominated
by the data from a single experiment (CMD-2).
The onrmation of this disrepany by KLOE
disredits the  -based result for the use in the
dispersion integral until a better understanding
of the dynamial origin of the observed eet is
ahieved. This is a hallenging problem, whih
may itself turn out to be of fundamental impor-
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Figure 2. Relative omparison of the 
+

 
spetral funtions from e
+
e
 
-annihilation data and isospin-
breaking-orreted  data, expressed as a ratio to the  spetral funtion. The shaded band indiates the
errors of the  data. The e
+
e
 
data are from KLOE[26℄, CMD-2[17℄, CMD, OLYA and DM1 (referenes
given in Ref.[12℄). The right hand plot emphasizes the region of the  peak.
tane.
4. Results
The inlusion of the KLOE  data dereases
the ontribution from this mode from[12℄ (450:2
4:91:6
rad
)10
 10
to (448:34:11:6
rad
)10
 10
for the energy interval between 0.5 and 1:8GeV.
Note that the additional systemati error due to
radiative eets originates from the energy re-
gions not overed by the reent KLOE and CMD-
2 measurements, where a full treatment of radia-
tive orretions is applied. The preliminary esti-
mate of the integral (4) given below inludes one
additional improvement with respet to Ref.[12℄:
perturbative QCD is used instead of experimen-
tal data in the region between 1:8 and 3:7GeV,
where non-perturbative ontributions to integrals
over dierently weighed spetral funtions were
found to be small[7℄. This results in a redution
of a
had;LO

by  110
 10
. All other ontributions
to the dispersion integral are equal to those de-
ned in Ref.[12℄.
The e
+
e
 
-based result for the lowest order
hadroni ontribution is
a
had;LO

= (693:4 5:3 3:5
rad
) 10
 10
; (6)
where the seond error is due to our treatment
of (potentially) missing radiative orretions in
the older data[13℄. Adding to this the QED,
higher-order hadroni, light-by-light sattering,
and weak ontributions given in Setion 2, one
nds
a
SM

= (11 659 182:8 6:3
had;LO+HO
 3:5
had;LBL
 0:3
QED+EW
) 10
 10
: (7)
This value an be ompared to the present mea-
surement (1); adding all errors in quadrature, the
dierene between experiment and theory is
a
exp

  a
SM

= (25:2 9:2) 10
 10
; (8)
whih orresponds to 2.7 \standard deviations"
(to be interpreted with are due to the dominane
of systemati errors in the SM predition). A
graphial omparison of the result (7) with pre-
vious evaluations and the experimental value is
given in Fig. 3.
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 659 000    (10–10)
BN
L-E821 04
DEHZ 03 (e+e–-based)
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180.6 ± 5.9 (preliminary)
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208 ± 5.8
Figure 3. Comparison of the result (7) with the
BNL measurement[21℄. Also given are our pre-
vious estimates[12℄, where the triangle with the
dotted error bar indiates the  -based result, as
well as the estimates from Refs.[14-16℄, not yet
inluding the KLOE data.
5. Conlusion and Perspetive
In spite of the new and preise data on the
two-pion spetral funtion from the KLOE Col-
laboration, the lowest order hadroni vauum-
polarization ontribution remains the most riti-
al omponent in the Standard Model predition
of a

. The entral piee of information provided
by the present KLOE data is that they onrm
the disrepany between the  data and e
+
e
 
an-
nihilation observed in this hannel[12℄. This said,
we point out that there also ours disagreement
between KLOE and CMD-2 data in some of the
energy regions.
An empirial isospin-breaking orretion of the
 resonane lineshape (mass and width) improves
but does not restore the agreement between the
two data sets. It is a onsequene of this on-
rmation that, until the CVC puzzle is solved,
only e
+
e
 
data should be used for the evaluation
of the dispersion integral. Doing so, and inlud-
ing the KLOE data, we nd that the Standard
Model predition of a

diers from the experi-
mental value by 2.7 standard deviations.
We are looking forward to the forthoming
results on the low- and high-energy two-pion
spetral funtion from the CMD-2 Collabora-
tion. These data will help to signiantly redue
the systemati unertainty due to the orretive
treatment of radiative eets, often omitted by
part by the previous experiments.
The initial-state-radiation program of the
BABAR ollaboration has already proved its per-
formane by publishing the spetral funtion for

+

 

0
(and soon for 2
+
2
 
), while results for
the two-pion nal state are expeted.
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